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TECHNICAL NOTE 3834

EXPERTMENTAL STUDY OF HEAT TRANSFER TO SMALL CYLINDERS
IN A SUBSONIC, HIGH-TEMPERATURE GAS STREAM

By George E. Glawe and Robert C. Johnson

SUMMARY

A Nusselt-Reynolds number reletion for cylindrical thermocouple
wires in crossflow was obtained from the experimental determination of
time constants. Tests were conducted in exhaust gas over & temperature
range of 2000° to 3400° R, a Mach number range of 0.3 to 0.8, and a

static-pressure range from 2/3 to l% atmospheres. Combinations of these

condltions ylelded a Reynolds number range of 450 to 3000, based on wire
diameter.

From these data, the correlation obtained between Nusselt and Reynolds
numbers with average deviations of a single observation of 8.5 percent 1s

= (0.428 £0.003) VRe*®

where Re® 1is the Reynolds number based on evaluation of gas density and
viscosity at total temperature, and Nu is the Nusselt number with gas
thermal conductivity computed at total temperature. This correlation
equation agrees with the one previously reported in Technical Note 25938
for room-temperature conditions.

INTRODUCTION

The temperature indicated by a thermocouple immersed in a gas stream
can be represented by a balance between various modes of heat transfer,
and at higher velocities also includes the effect of aerodynamic recovery.
Theoretical and empirical correlations can be made snd epplied to the
thermocouple indicated temperature to account for radiation, conduction,
end recovery errors (refs. 1l and 2)

In reference 1 a heat-transfer relation was cobtalned by the experi-
mental determination of time constants for bare-wire crossflow thermo-
couples at approximetely room temperature. Reference 1 also includes an
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analytic approximation of conduction and radiation errors for high-
temperature application, In which case it was assumed that the heat- .
transfer relation obtalned at room tempdrature also applied at higher
temperatures and that gas properties codld_be accurately established for
these higher temperatures. PoT

The work herein reported weas done ﬁrimarily to establish experimental-
ly the heat-transfer relations at the higher temperatures and thereby to
check on the assumptions of the analysis postulated in reference 1. Al-
though the primary purpose was the appliration of the relation to thermo-
couples, it is felt that the correlations may also be of interest in
other fields of heat transfer involving pylinders in crossfliow. The
method for computing viscogity and thermal conductivity of the combustion
gas mixture was devised by Richard S. Brbkaw and Robert C. Johnson in
appendix C. ! T

This work is part of a program of research in high-temperature
measurements being conducted at the NACA'Lewis laboratory.

THEORY

In order to establish a heat-transfér cérrelation in terme of the
Nusselt and Reynolds numbers, it is necessary to evaluate the following
conditions: '

(a) Convective heat-transfer coeffidient h
(b) Gae viscosity and thermal conduétifity
(c) Free-stream conditions such as density, velocity, and temperature

A method previously described in reflerence 1 forms the basis for
evaluating the heat-transfer coefficient. If the exposed thermoccouple
wire is treated as & cylinder in crossflow, & heat balance per unit length
can be represented by 7

Qe + G+ G = 9y (1)

where q, 1s the rate of convective heat transfer between the gaé and.
the wire; dy, the rate at which heat 1s cbndﬁcted out of the Junction
through the thermocouple wire; q,., the rape of net radiant heat exchange
between the wire and its surroundings; ana dp5 the rate of heat storage

in the wire.

The terms in equation (1) with symbols defined in appendix A are as
feollows: :
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de = B(Tgq - Ty) @ (2)
Q2T p2

Q4 = kK g;g—'zg— (3)
d 2

Gp = PyCy E;E E%" (4)

end, for the case where emissivity and sbsorptivity of the gas are
negligible,

- 4 4
Q. = 08, (Ty - T,)xD (s)
In the elementary case where radiation and conduction losses are
negligible, the heat balance is found by equating q, and Ap> which
yilelds

PyCyD aT;
anac t Tw = Tad (8)

The coefficient of dTw/dt is the time comstant T; of the cylinder.
Thus, it is possible to solve equation (6) for h in terms of 7Ty:

Py

h =
4’171

(7)

In the present investigation, the effect of conduction heat loss
on the measurements of T was reduced to less than 1 percent by the
deliberate cholce of a large ratio of wire lmmersion length to dlameter
(1/D of 50). However, the radiation effect was not negligible, and &
correction for this effect was included in the correlstion between the
measured time constant ¥ and the heat-transfer coefflicient h. The
corrected solution, derived in appendix B, is

PweywD - 3
b= 20 el (e)

which involves the assumption that the step change In temperature is
small compared with the temperature level.

With the heat-transfer coefficient established, the Nusselt numbexr
can be computed from

Nu = 22 (9)

®
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and the Reynolds number from

VD
Re* = &7 -- (10)
Fg
where the thermasl conductivity, densityj arid viscosity of the gas are
evaluated at total temperature (ref. 1).

Since the experinments were performed in hydrocarbon-combustion
exhaust gases, thermal conductivity and viscosity wvere calculated from
reletions for mixtures derived in appendix C by using reference 3 to
provide the properties of the gas constituents. The results of these
computations are shown in figure 1, where the viecosity and thermal
conductivity are plotted as functions of total temperature at the test
sectlion and compared with the values for| air found in reference 3.

The quantities &y, Py, ¢y, and D were evaluated at wire temper-
atures, with the use of references 4 and. 5.

APPARATUS AND PROCEDURE

Teste were performed in a high-température wind tunnel with an In-
conel combustor sectlion, which operated.with 60-octane gasoline and &air
mixtures (ref. 6).

Three sizes of platinum 13 percent rhoéium - platinum thermocouples
were used in the tests (fig. 2). The theérmocouples were fabricated by
butt welding the Junctions and then swaging the wire to a uniform diameter.
The measured wilre diemeters after swaglng were 0.0195, 0.0336, and 0.0451
inch. The thermocouples were mounted in water-cooled, Inconel supports
having an cuter dlameter of 5/16 inch, and all three sizes of wilre had
exposed lengths of 50 dlameters.

A temperature step change was applied hy placing an internally water-
cooled shell immediately ahead of the test probe and suddenly retracting
the shell by use of a pneumatic actuator (fig_ 3). This method produced
step changes on the order of 5 to 10 percént of the sbsolute temperature
level.

The absolute temperature was recorde& on & self-balancing potentiometer
and the exponential response on a recording oscillograph. A minimum of
three records for each test point was obtained to check reproducibility.

Initial tests were performed by placing a probe in the gas stream _
end then retracting the cooling shell as ﬁre?iously described. The _
oscillograph circuit contained a variable.d-c voltage supply to oppose

LIS
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the initieal thermocouple electromotive force end maintain zero position
on the oscillograph at the start of the step change. This method (method
A) produced oscillograph treces that indicated high-frequency fluctuations
of temperature and resulted in poor reading accuracy. The temperature
fluctuations appeared to be caused by fluctuations in tunnel airflow.
With these measurements, the time constant T was determined with a
probable reading error of 6 percent.

A second method (method B) was then used in which two identical
probes were placed in the test sectlon with the exposed thermocouple
wire loops 1n axial alinement and separated by the cooling shell. The
thermocouples were connected in series opposition {bucking) so that the
differential electromotive force of the two probes was obtained. The up-
strean probe measured tunnel temperature whether the cooling shell was
retracted or extended, and only the downstream probe was subject to the
step change. Such an arrangement favorably cancelled most of the effects
of tunnel fluctuation and resulted in smoother and more reproducible os-
cillograph traces. In this case the time constant was determined with
a probable reading error of xZ2 percent. A record obtained by this method
is shown in figure 4.

RESULTS AND DISCUSSION

The data obtained in the experiments by using test methods A and B
are shown in figure 5, which is a plot of the terminal calculations of
Nusselt number and Reynolds number as obtained by both procedures. Al-
though the basic measurement of T was obtalned at slightly different
degrees of accuracy for the two test methods, no attempt was made to
welght the results in the final calculations. If the exponent of Re ¥
is fixed at a value of 1/2, the least-squares solution for the multiplying
constant leads to

¥u = (0.428 x£0.003) 4/Re® (11)

with an average deviation of any point of 8.5 percent. This relation in-
volves the evaluation of transport properties of mixtures (appendix c).

If the transport properties of air were used for the correlation, the con-
stant (0.428) would be approximately 5 percent greater at 2500° R.

For applicetion to other gases, the Prandtl number may be inserted
explicitly in equation (11) with the exponent set equal to 0.3 (ref. 7),
and a value of 0.70 chosen for the Prandtl number in the range of test
temperatures. The resultant solution would then be

Nu = (0.476 +0.003) 4/Re¥ Pr0:3 (12)
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This result (eq. (12)) is in good egreement with the relation obtained
in reference 1 at near room temperaturés. From reference 1 the following
relation is shown: ~-

= (0.478 £0.002) VRe* Pr0+3 (13)

Figure 5 also includes, for comparison, a portion of the curve from
reference 7. i

Lewls Flight Propulsion Laboratory i
Natlonal Advisory Committee for Aekonautics
Cleveland, Ohio, March 1, 1957

L9CP
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APPENDIX A

SYMBOLS
gpecific heat of gas at constant pressure
specific heat
wire diameter
heat-transfer coefficient
thermal conductivity
total exposed length of thermocouple wire
molecular weight

Nusselt number with thermal conductivity evaluated at total
temperature

Prandtl number

rate of heat transfer by convection, per unit length
rate of heat transfer by conduction, per unit length
rate of heat storage, per unit length

rate of heat transfer by radiation, per unit length
universal gas constant

Reynolds number with viscosity and density evalusated at total
temperature

adisbatic temperature
equivalent duct temperature
wire temperature

time

velocity

variable leﬁgth
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€y emittance of wire

B viscosity

o density

o molecular diameter o

o Stefan-Boltzmann constant f

T measured time constant in presence of radiation

T7 ~  time constant in absence of radilation and conductilon
Subscripts: - )

cale calculated

T final conditions t
g gas

mix nmixture S

W wire
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APPENDIX B

EVALUATION OF HEAT-TRANSFER COEFFICIENT FOR CYLINDER IN
CROSSFLOW UNDER FORCED CONVECTION AND RADTATTON

To evaluate the heat-transfer coefficient h under the condition
of heat transfer by forced convection and radiation, equations {2), (4),
and (5) are substituted in equation (1) with the following result:

D dTy

= md
T Al 3o = M(Tag - Tyy) - o8 (Ty - Tg) (B1)

When considering the steady-state solution first, let the equilibrium

wire temperature (final temperature) be represented by Tw,f' Since
dT,./dt equals zero, equation (Bl) can be written as follows:

- 4 Tg 4
B(Tag - Ty,£) = Fe Ty | L - (Tw_f-) (B2)

Equation (Bl) can then be written

D ATy
7 v g = BM(Tag - Ty p) + B(Ty p - Ty) +

Gey(Th, e - ) - 0o (Th, e - TH) (B3)

Tw,f - Ty

Tw,f

If it is assumed that is much less than unity, then

(Ty,e - To) = 475 o(Ty ¢ - Ty) (84)

where g, C,, 8and &, are taken as constant over the temperature step

change and are evaluated at the final temperature. When equations (B2)
and (B4) are substituted in equation (B3), the result is

D
- 0..C
4 "Wow 4Ty,
— Tt Ty = Ty (85)

h + écewTW’f
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The ceoefficient of dTW/dt in equation (B5) represents the time
congstant T of the cylinder, or

T PuCy
T = 4 — (B8)
h + 4cewmw £
The solutlon for h is then given in terms of the measured T in the
presence of radilation :

pwcwD - 5
h = 4’: - 4GSWT

(eq. {8) of the text).

L98%
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APPENDIX C

METHOD USED TO COMPUTE VISCOSITY AND THERMAL CONDUCTIVITY OF
COMBUSTION GAS MIXTURES

By Richard S. Brokaw and Robert C. Jolmson

Gas-Mixture Compositions

The composition of the combustion gases was computed from the meas-
ured fuel-alr ratio. Combustion was assumed to be complete, and it was
assumed that within the range of temperatures investigated dissociation
was negligible, so that the combustion products were nitrogen, oxygen,
carbon dioxide, and water vepor. Test-section total temperatures were
measured and found to be functions of the fuel-alr ratio.

Viscosities of Component Gases

Insofar as possible, the viscosities of &lr and the pure gases were
obtained from reference 3. For some of the gases, extrapolations of as
much a8 900° R were required (extrapolations were made where necessary
by taking differences).

Thermal Conductivities of Component Gases

Because of the dearth of high-temperature thermel conductivity data
for gases, conductlivities for air and the pure gases were computed from
the Prandtl number relation

Cou
kg = 5o . (c1)
together with the theoretical expression for Prandtl number proposed in
reference 8.

Pr = 0.754 (c2)

- R
1l +0.325¢ =—
(CP)

Ideal-gas heat capacities from reference 3 were used. While eguation
(C2) is not strictly applicable to air (since air is a ges mixture), it
was found that air thermal conductivities calculated in this fashion
agreed to within 1 percent when compared with values tebulated in refer-
ence 3.
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Equation (C2) is not applicable to water, & highly polar molecule.
However, in the gas mixtures of interest, water was present in a rela-
tively low concentration so that most oﬂ the collisions of the water
molecules occurred with nonpolar molecullés. Collisions between polar
and nonpolar molecules are essentially of a nonpolar nature. Hence, it

was felt that, to a falr approximation, water may be treated as a nonpolar

molecule in these mixtures.
Viscosities of Combustibn-Gas Mixtures

Viscosities for both the coﬁbustion'gases and for sir (considered as

a mixture of 0.79 nitrogen and 0.21 oxygén by volume) were computed from
the following equation (ref. 9):

n
I-lii; - .
Pnix = - (c3)
1+ E ‘Pl:nj xi )
The coefficient wi 3 was taken asf
> :
D !
i
1,3 = 55 (ce)

, d
which is implicit in reference 9. Here fDi"is the self-diffusion coef-

ficient for the i species, and Dy, j; 1g the binary diffusion coef-
ficient between the i¥8 ang Jth species.

Uging the formula of reference 10, equation 8.2-44, for the diffusion
coefficients, changes equation (C4) to ( y*
1,1

2 )
91,3 'I/ My %y
q)i = 2 - (CS)
IJ O.iz Mi + M,j‘ Q(l,l)*

where o 1s the molecular dismeter, and ! M~ _is the molecular welght.
The quantitles R(l l) are functions of the temperature and the

particular molecule or molecules involved. The Sﬁl 1) vaelues for the

Lennard-Jones 6-12 potentlal were used; they are tabulated in table I-M
of reference 10.
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The computed viscosities of the combustion gases were then normalized
by multiplying by the ratio of the taeble values for air (ref. 3) to the
calculated air viscosities:

palr table
Hmix A\ |Pmix,calc

alr calc
The normalization factors differed from unity by less than 1 percent.
Viscosities of air and combustion gases are compared in figure 1.
Thermal Conductivities of Combustion-Gas Mixtures
Thermal conductivities for both the combustion gases and for air
(considered as an oxygen-nitrogen mixture) were computed using a mixing

rule anslogous to equation (C3) (ref. 11}.
n

g, 1
g 2?: _i
;

(ce)

N

i=1

An expression for Ai,j’ employing Sutherland constants and viscos-

ities, is presented in reference 11. If the expression for viscosity of
reference 10, equation 8.2-18, is substituted infto the equation for Ai,j

of reference 11, and the quantitles 1 + Si/T are considered equivalent
to the values of & from reference 10, then the expression for Ai,j is

M. 1/8 o, T2 sﬁl 1)
i

The computed combustion-gas thermal! conductivities were then normal-
ized by multiplying by the ratio of the alr thermal conductivity calcu-
lated from equations (Cl) and (C2) to the air thermal conductivity calcu-
lated by equations (C6) and (C7):

kg airs (CL) - (CZ)]
kg mix = Kg,airs (C6) - (CT) kg mix,cale
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The necessity of this normalization is questionable; in any event,
the normalization factors differed from unity by less than 2 percent.
Results are presented in figure 1 where thermal conductivities of combus-
tion products end air are compared. '

Force Constants Used

The force constents . ¢ In Angstroms and B/k in degrees Kelvin,
together with the molecular weights of the components, are as follows:

o, f(e/k, | M
A °K
Nitrogen [3.749} 79.8|28

Oxygen 3.541} 88.0|32

Carbon
dioxide|3.8971213.0]44

Water 2.8241230.9118

Values for nltrogen, oxygen, and darbon dioxide are taken from refer-

ence 10, table I-A. Values for water were taken from reference 10, table
8.6-1 (these valiues are intended for use with & polar potential, but were
used in the Lennard-Jones 6-12 potential).

For the blnary interactions, 94,3 ;and (efk)i,j were computed ac-
cording to reference 10, equations 8.4-8 and 8.4-9.

Ui,J =!2-‘ (C'i:+ UJ)

°1,5 = VEL&y

Discussipbn -

The computed viscosities and thermil conductivities of figure 1
are probably as reliable as theory permits at this time. The largest
uncertainty arises as a result of the presEnce of water in the combustion
gases; the theory of transport properties &f polar gases (particularly
thermal conductivity) 1s not well developed. Fortunately, the water
concentrations did not exceed 13 percent by volume. Other uncertainties
arise from equation (C2) (which is believed to be a good approximation at
high temperatures) and from the extrapolation of the viscosities.

19¢k%
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Nonetheless, the excellent agreement between the heat-transfer cor-
relation of this report (eq. (12)) and the previous room-temperature re-
sults (eq. (13)) suggests that the calculated viscosities and thermal
conductivities are not seriously in error.

REFERENCES

1. Scadron, Marvin D., and Warshawsky, Isidore: Experimental Determinstion
of Time Constants and Nusselt Numbers for Bare-Wire Thermocouples in
High-Velocity Air Streams and Analytic Approximation of Conduction
and Radiation Errors. NACA TN 2599, 1952.

2. Glawe, George E., Simmons, Frederick S., and Stickney, Trumen M.:
Rediation and Recovery Corrections and Time Constants of Several
Chromel-Alumel Thermocouple Probes in High-Temperature, High-
Velocity Gas Streams. NACA TN 3766, 1956.

3. Hilsenrath, Joseph, et al.: Tables of Thermal Properties of Gases.
Circular 564, U.S. Dept. Commerce, NBS, Nov. 1, 1955.

4. Glawe, George E., and Shepard, Charles E.: Some Effects of Exposure
to Exhaust-Gas Streams on Emittance snd Thermoelectric Power of
Bare-Wire Platinum Rhodium -~ Platinum Thermocouples. NACA TN 3253,
1854.

5. Vines, R. F.: The Platinum Metals and Their Alloys. The International
Nickel Co., Inc., 1941.

6. Warshawsky, I.: Pyrometry of High Veloclty Gases. Paper presented at
Sixth Symposium {International) on Combustion, New Haven (Conn.),
Aug. 19-24, 19586.

7. McAdams, William H.: BHeat Transmission. Chem. Eng. Ser., McGraw-
Hill Book Co., Inc., 1954.

8. Hirschfelder, J. O.: Heat Conductivity in Polyatomic or Electronically
Excited Gases. WIS-ONR-22, Naval Res. Leb., Univ. Wisconsin, Apr. 18,
1956. (Contract N7-onr-28511.)

9. Wilke, C. R.: A Viscosity Egquation for Gas Mixtures. dJour. Chem.
Phys., vol. 18, Apr. 1950, pp. 517-518.

10. Hirschfelder, Joseph O., Curtiss, Charles F., and Bird, R. Byron:
Molecular Theory of Gases and Liguids. dJohn Wiley & Sons, Inc.,
1954.

11. Lindsay, Alexander L., and Bromley, LeRoy A.: Thermal Conductivity
of Gas Mixtures. Ind. and Eng. Chem., vol. 42, no. 8, Aug. 1950,
pp. 1508-1511.



Visedsity, 1, (1b)(sec)/sq £t

1.4%10°6
-
| P
-
1.2 e "
A
r/' //
Air—> /'7
1. - el
.
-
) 4/ Exhaust gas
-
Py
| =
.8 2
2

.6

4

800 1200 1600 2000 2400 2800 3200 3600

Test section total temperature, “R
(a) Viscosity.

Figure 1. - Variation of viscosity and thermal conductivity of exhaust-gas and
air with test sectlon total temperature.

8T

¥262 NI VOVN




Thermal conductivity, k., Btu/{ft){sec)(®R)

2.0%10~°
Esheust | ] b -
gas 4+
1.6 —t// e
-
Mﬁ\—ﬁr
=
A
1.2 ’//
- ///'
/
.8
'%oo 1 1600 2 — 2400 2800 3200 3600

4367

Test section total temperature, °R
(b) Thermal conductivity.

Migure 1. - Concluded. Verlation of viscoslty and +thermal conductivity of exhaust-
gns and alr with test section totel temperature.

Fe6e Ml VOVM

LT




18

Flgure 2. - Platinum, 13 percen'b rhodium ~
thermocouple probes.
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